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Metabotropic Glutamate Receptor±Mediated
Control of Neurotransmitter Release
been linked to cGMP phosphodiesterase. However, the
mechanisms by which these systems are activated are
poorly understood.
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Northwestern University Institute for Neuroscience The release of transmitter is modulated by a number
of receptor systems located at the presynaptic terminalChicago, Illinois 60611
(reviewed by Langer, 1997). The effects of activation
of mGluRs on synaptic transmission are varied; mGluR
activation may either enhance (Herrero et al., 1992; LiouSummary
et al., 1996) or depress release (Lovinger, 1991; Baskys
and Malenka, 1991). These actions are mediated by mul-Presynaptic metabotropic glutamate receptors (mGluRs)
tiple mechanisms which include inhibition of presynap-modulate the release of transmitter from most cen-
tic Ca21 channels (Dunlap and Fischbach, 1978; Taka-tral synapses. However, difficulties in recording from
hashi et al., 1996), activation of presynaptic K1 channelspresynaptic structures has lead to an incomplete
(Morishige et al., 1996; Saugstad et al., 1996), directunderstanding of the mechanisms underlying these
actions on release proteins (Scanziani et al., 1995), andfundamental processes. By recording directly from
alteration of Ca21 release from presynaptic Ca21 storespresynaptic reticulospinal axons and postsynaptic
(Peng, 1996).motoneurons of the lamprey spinal cord, we have ob-
The mGluR agonists (1S,3R)-1-amino-cyclopentyl-1,3-tained electrophysiological and optical evidence that
dicarboxylic acid (ACPD) and L-2-amino-4-phosphono-vertebrate presynaptic metabotropic glutamate re-
butanoic acid (L-AP4) have been shown to depressceptors modulate neurotransmitter release at this
transmitter release at the glutamatergic synapse be-synapse through two distinct mechanisms: (1) mGluR
tween reticulospinal axons and motoneurons in the lam-activation in the presynaptic terminal depresses trans-
prey spinal cord by acting at at least two differentmitter release by activating a presynaptic K1 current,
mGluRs (Krieger et al., 1996). We have used a combina-and (2) mGluR activation enhances transmitter release
tion of direct electrophysiological recordings from retic-by amplifying the action potential±evoked presynaptic
ulospinal axons and their postsynaptic target motoneu-Ca21 signal by rapidly releasing Ca21 from intracellular
rons and high speed microfluorimetry of presynapticstores in a Ca21-dependent manner. Furthermore, this
Ca21 signals to elucidate the underlying mechanismseffect is mediated by physiological release of gluta-
involved in this modulation of transmitter release. Theremate from the presynaptic terminals. These autore-
are numerous en passant output synapses from lampreyceptor±mediated processes are likely to generate
reticulospinal axons at every segmental level (Brodin etcomplex effects on transmitter release evoked by re-
al., 1988). Consequently, recording from giant axons ispetitive stimulation.
electrotonically equivalent to recording from the axons'
presynaptic terminals. This study demonstrates that ag-Introduction
onists to Group III, Group II, and Group I mGluRs modu-
late transmitter release from these terminals. Group IIIMetabotropic glutamate receptors (mGluRs) are impli-
agonist application inhibits transmitter release by thecated in the control of transmitter release in a number
activation of a 4-aminopyridine (4-AP) -sensitive K1 cur-of central systems. The postsynaptic mechanisms of
rent, while Group I mGluR agonist application enhancesaction of these receptors are beginning to be under-
transmitter release by the activation of a Ca21-depen-stood. At least eight subtypes of mGluRs have been
dent presynaptic release of Ca21 from internal stores.identified and cloned (Tanabe et al., 1992; Schoepp and
Conn, 1993; Hollmann and Heinemann, 1994; Pin and
Duvoisin, 1995). These have been separated into three Results
groups based on sequence homology, transduction
mechanisms, and pharmacological profiles. Activation mGluRs Activate a Presynaptic K1 Current
of Group I mGluRs (mGluR1 and mGluR5) results in the Metabotropic GluR activation in neuronal somata may
production of inositol 1,4,5-trisphosphate (IP3) through activate or inactivate a variety of conductances. We
the stimulation of phospholipase C (PLC); by binding tested the effect of mGluR activation on resting currents
to its receptor on the endoplasmic reticulum (ER), IP3 in lamprey reticulospinal neurons. In tetrodotoxin (TTX,
causes the liberation of Ca21 from internal stores. Group 1 mM), 200 ms pulses of agonists were applied to the
I mGluRs have been shown to inhibit Ca21 channels surface of the spinal cord from a pressure perfusion
(Lester and Jahr, 1990; Swartz and Bean, 1992; Sayer pipette. When applied at depolarized holding potentials,
et al., 1992) and to open Ca21 channels (Chavis et al., the Group I and II agonist ACPD (pipette concentration
1995) depending upon the chosen preparation. Both was 10 mM) evoked outward currents (n 5 7/11; Figure
Group II (mGluR2 and mGluR3) and Group III (mGluR4, 1Ai). ACPD application did not evoke an inward current
mGluR6, mGluR7, and mGluR8) mGluRs act to inhibit even at holding potentials as low as 2100 mV. Bath
adenylyl cyclase, although Group III receptors have also application of the potassium channel antagonist 4-AP
(25±100 mM) blocked the ACPD-evoked response (n 5
3/3; Figure 1Aii). Similarly, the application of the Group III*To whom correspondence should be addressed.
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in existence for nearly 20 years; namely, that transmit-
ters acting at the presynaptic terminal modulate Ca21
currents (Dunlap and Fischbach, 1978; Wu and Saggau,
1997). We investigated theeffect of mGluR agonistappli-
cation on the amplitude of presynaptic Ca21 currents.
Experiments were performed in the presence of 1 mM
4-AP to block the ACPD-mediated outward current and
1 mM TTX to inactivate voltage-dependent Na1 conduc-
tances. Ba21 replaced Ca21 in the superfusate to inacti-
vate Ca21-activated K1 conductances. Axons were volt-
age clamped at 270 mV. The holding potential was
increased in sequential steps from 280 to 55 mV. This
protocol activated a sustained inward current (n 5 25/
31) that peaked near 0 mV (Figure 2A). The addition of
Cd21 (200 mM) to the superfusate blocked the current
(n 5 6/6). The amplitude of this current was not affected
by application of either the Group I mGluR agonist (RS)-
3,5-dihydroxyphenylglycine (DHPG) (20 mM, n 5 5; Fig-
ure 2B), the Group I and II agonist ACPD (50 mM, n 5Figure 1. mGluR Agonists Activate an Outward Current that Re-
6; Figure 2C), or the Group III agonist L-AP4 (1 mM,duces the Presynaptic Action Potential Amplitude
n 5 4; data not shown). The glutamate receptor agonist(Ai) During whole-cell, voltage-clamp recording from an axon, a 200
ms application of ACPD (10 mM) evoked an outward current at a quisqualate has been shown to depress whole±cell Ca21
holding potential of 250 mV (top trace). ACPD evoked a smaller currents by acting at Group I mGluRs through a Ca21-
current at 260 mV (middle trace) and no current at 2100 mV. The dependent mechanism (Lester and Jahr, 1990; Sayer et
arrowheads indicate time of drug application.
al., 1992). Due to the Ca21 dependency of the depres-(Aii) In another axon, traces show the effect of a 200 ms application
sion, we used Ca21 as a charge carrier rather than Ba21.of ACPD before (top trace) and after (bottom trace) bath application
Without the use of Ba21, a Ca21-activated K1 currentof 4-AP (50 mM) at a holding potential of 255 mV.
(Bi) Action potentials recorded under current clamp in normal Ringer was prominent at depolarized holding potentials. To
and during local application of ACPD (500 mM) are illustrated. overcome this current, we used shorter sections of
(Bii) Recordings from another axon show an action potential under spinal cord and, consequently, shorter sections of ax-
control conditions and one during local application of L-AP4 (200 ons. This preparation improved voltage clamp and de-
mM).
creased the intracellular volume so that Cs1 in the patch
solution could attain better access to Ca21-activated K1
mGluR agonist L-AP4 activated a presynaptic rectifying channels. Under these conditions, Ca21 currents were
current (n 5 4/4). also unaffected (Figure 2C) by the application of Group
This current is ideal for the decrement of axonal action I agonists ACPD (n 5 5, 50 mM) or DHPG (n 5 6, 20±50
potentials and synaptic transmission. Activation of a mM). We conclude that these agonists do not affect
hyperpolarizing response alone might increase the am- presynaptic Ca21 channels in lamprey reticulospinal
plitude of the presynaptic action potential, whereas an axons.
outward current that does not hyperpolarize the axon
because it rectifies at resting membrane potentials will
be much more effective in shunting the series resistance mGluRs Activate Ca21-Dependent Ca21 Release
from Internal Storesof the axon during the depolarizing action potential. To
test if application of mGluR agonists was effective in While mGluR activation depresses synaptic transmis-
sion through activation of presynaptic outward currents,reducing the amplitude of presynaptic action potentials,
axons were patch clamped in current±clamp mode. De- it also facilitates synaptic transmission through a differ-
ent mechanism that was unmasked by 4-AP. Reticulo-polarizing current pulses were applied to evoke action
potentials. Pressure application from a pipette over the spinal axons were stimulated extracellularly in the pres-
ence of 4-AP (30 mM) to elicit compound excitatoryspinal cord of either ACPD (n 5 3, 500 mM) or L-AP4
(n 5 3, 200 mM) led to a variable increase in spike thresh- postsynaptic currents (EPSCs) in spinal motoneurons.
Patch-clamp recordings were made from motoneuronsold and a reduction in the spike amplitude (p , 0.01;
Figure 1B) to 89% 6 9% of control for L-AP4 and 91% 6 using either CsF or GDP-b-S in the patch solution. CsF
(in the presence of trace quantities of Al1) will activate2% of control for ACPD. For these experiments, the
resting membrane potential prior to current step appli- G proteins such that no further activation is possible,
whereas GDP-b-S will inactivate G proteins. In eithercation was kept constant by injection of offset current
through the patch pipette. situation, motoneuron G protein activity will not be al-
tered by the addition of mGluR agonists. The addition
of DHPG (20 mM) to the Ringer's solution increased themGluR Activation Does Not Alter Presynaptic
Calcium Currents amplitude of the response to 144.9% 6 15.1% of control
(n 5 3, p , 0.05; Figure 3A). Note, however, that theIt has recently been demonstrated that mGluR activation
at the calyx of Held synapse leads to a decrease in initial slope of the evoked response was not increased
by the application of DHPG. The enhancement in theconductance through P/Q-type Ca21 channels (Taka-
hashi et al., 1996). This result supports a hypothesis of amplitude of the response occured after 5 ms (Figure
3A, inset). To examine the effects of mGluR activationG protein±mediated presynaptic inhibition that has been
mGluRs and Release of Neurotransmitter
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Figure 3. DHPG Enhances Synaptic Transmission after Application
of 4-AP without Altering Action Potential Properties
(A) Voltage-clamp recordings from a neuron showthe effect of DHPG
on synaptic transmission in the presence of 4-AP (30 mM). DHPG
markedly enhances the amplitude of the evoked response. (A, inset)
The same traces at an expended timebase. Note that the enhance-
ment of the synaptic response occurs after 5 ms (the time between
the arrowheads).
(B) Overlaid traces recorded from a spinal axon in current clamp
before and after the application of DHPG (30 mM). The tissue was
superfused with 4-AP (30 mM). DHPG does not affect the amplitude
of the presynaptic action potential. The control trace shown is of a
typical spike without the application of 4-AP.
(B, inset) Expanded time base showing the effect of 4-AP on the
spike duration.
Figure 2. mGluR Agonists Do Not Affect Presynaptic Ca21 Currents
(A) An axon was voltage clamped, and the holding potential was
ms) depolarizing steps into the axon. The application ofstepped from 280 mV to 55 mV in 5 mV increments to evoke a Ca21
DHPG (30 mM) had no effect on the amplitude or kineticscurrent. The peak current was measured at each holding potential
to generate this current-voltage plot. The inset shows the raw data of presynaptic action potentials recorded in 4-AP (30
traces at 255 (ªaº), 0 (ªbº), 10 (ªcº), and 20 (ªdº) mV. The patch mM, n 5 3; Figure 3B). Note that the application of 4-AP
solution contained Cs1 as the primary charge carrier and the exter- (30 mM, n 5 5) to the preparation increased the half-
nal solution contained Ba21 (2.6 mM), TTX (1 mM), and 4-AP (1 mM). amplitude width of the action potential from 3.0 6 0.5
(B) A graph of the normalized peak current recorded in 11 axons
ms to 8.1 6 0.7 ms (Figure 3B, inset).during agonist wash-in (indicated by the bar) and wash-out. Data
We performed Ca21 imaging experiments to examinewere obtained for either ACPD (n 5 6, 50 mM) or DHPG (n 5 5, 20
mM). Data from the two agonists have been graphed together, as the effects of mGluR agonists on spike-induced Ca21
there was no significant difference between the two effects. There transients in the presynaptic terminal. Axons were retro-
was no significant effect on the amplitude of the current by either gradely labeled with Oregon Green 488 BAPTA-1, and
ACPD or DHPG. The graph demonstrates only normal rundown of single stimuli were applied to the spinal cord to evoke
the current. The inset shows the currents recorded from a single
action potentials in the axons. Using confocal micros-axon at times ªa,º ªb,º and ªcº in the plot.
copy, a single line within an axon was repetitively(C) A similar graph to (B) but with extracellular Ca21 instead of Ba21.
The application of ACPD did not alter the amplitude of the Ca21 scanned at 2 ms intervals (Figures 4A and 4B). In this
current recorded under these circumstances (n 5 5). way, we could monitor action potential±evoked changes
in presynaptic Ca21 concentration at high speed. A sin-
gle shock to the spinal cord evoked readily recordable
Ca21 transients in individual axons (Figure 4Bi). ACPDon the presynaptic terminal directly, recordings were
made from reticulospinal axons in whole-cell, current- (50 mM) caused a small but significant reduction in the
Ca21 transient amplitude (n 5 9/9, decreased to 83.7% 6clamp conditionswith a patch solution containingpotas-
sium methane sulfonate as the principal cation. Action 5.0% of control, p , 0.005; Figure 4Bii). This effect of
the mGluR agonist on Ca21 entry is consistent with thepotentials were evoked by the passage of transient (2
Neuron
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Figure 4. Group I mGluR Agonists Modulate the Amplitude of the Presynaptic Ca21 Transient
(A) An axon labeled with the calcium-sensitive dye Oregon Green 488 BAPTA-1 is shown.
(Bi) A confocal microscope was used to scan across the length of the axon every 2 ms at the point indicated by the line in (A). A single shock
to the axon at the time indicated by the arrowhead elicited a rise in axonal calcium.
(Bii) This graph was generated from the control image in (Bi) and from a similar image recorded from the same axon during bath application
of ACPD (50 mM). The fluorescence was measured at each time point and normalized to the prestimulus level to show the rise in internal
calcium concentration.
(C) In another axon, the top panel shows the fluorescence across a line within an axon (recording protocol was the same as in [B]). A stimulus
at the time indicated by the arrowhead elicited a transient rise in axonal fluorescence. The traces below show the normalized mean brightness
for each point in time before and after application of DHPG (20 mM).
(Di) The same axon and protocol as in (C), but with the addition of 4-AP (30 mM) to the Ringer's solution. DHPG (20 mM) enhances the amplitude
of the Ca21 transient. Addition of ryanodine (10 mM) blocks this enhancement.
(Dii) An expanded time scale of the traces in (Di). The two arrowheads indicate the time between the stimulus and the point at which the
traces diverge (6 ms later).
(E) In another axon, a fluorescence transient was recorded following a pair of stimuli given 20 ms apart. The addition of DHPG (20 mM) to the
superfusate reversibly potentiated the amplitude of the calcium transient recorded in response to the two stimuli.
activation of axonal 4-AP-sensitive K1 channels. The The Enhanced Calcium Transient
Is Sensitive to Ryanodineaddition of a low dose of 4-AP (25 mM) significantly
increased the Ca21 transient amplitude (n 5 7/7, in- Ryanodine (20 mM), which acts to unload internal Ca21
stores by binding to RYR receptors (Bezprozvanny etcreased to 302.4% 6 43.7% of control, p , 0.005). The
subsequent addition of ACPD (50 mM) further aug- al., 1991; McPherson et al., 1991), blocked the enhance-
ment of the Ca21 transient seen in both ACPD (amplitudemented the Ca21 transient (n 5 7/7, response in 4-AP
and ACPD increased to 131.2% 6 6.5% of amplitude in 4AP, ACPD, and ryanodine was 94.0% 6 3.0% of
amplitude in 4AP and ACPD, p , 0.05, n 5 4/4) and inrecorded in 4-AP, p , 0.01). The application of DHPG
(20 mM) had no effect on the amplitude of the Ca21 DHPG (amplitude in 4AP, DHPG, and ryanodine was
77.7% 6 10.2% of amplitude in 4AP and DHPG, p ,transient recorded under control conditions in the ab-
sence of 4-AP (n 5 9/9, Figure 4C). However, as with 0.05, n 5 6/11). The mGluR-induced enhancement oc-
curred on a rapid time scale. In Figure 4Dii, the timeACPD application, in the presence of 4-AP (25 mM)
DHPG (20 mM) caused a significant enhancement of the scales of the calcium responses are expanded to dem-
onstrate that there is a change in theslope of the calciumpresynaptic stimulus-evoked Ca21 transient (n 5 9/14,
response in DHPG and 4-AP increased to 178.5% 6 transient in the presence of DHPG as early as 6 ms
poststimulus. The synaptic enhancement mediated by37.9% of amplitude recorded in 4-AP, p , 0.001; Fig-
ure 4D). DHPG seen in Figure 3 occurred 5 ms after the initiation
mGluRs and Release of Neurotransmitter
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of the synaptic response. Thus, Ca21 release from pre-
synaptic intracellular stores requires at least 5 ms to
occur and subsequently to alter transmitter release acti-
vated by Ca21 entry through voltage-operated channels.
The axons in which DHPG had noeffect on the amplitude
of the Ca21 transient (n 5 5) serve as an appropriate
control in measuring the mechanism of action of ryano-
dine. In these axons, the amplitude of the Ca21 transient
was unaffected by ryanodine. From these results, we
conclude that ryanodine does not depress the amplitude
of spike-induced Ca21 entry; rather it affects the ampli-
tude of the increase in Ca21 release induced by DHPG
or ACPD during action potentials.
mGluR Activation Enhances
Paired-Pulse Responses
Such a rapid increase in presynaptic calcium has impli-
cations for short-term plasticity at this synapse. To test
this hypothesis, paired-pulse experiments were per-
formed, and the resulting presynaptic Ca21 transient was
recorded. Two stimuli were applied to the spinal cord
at an interval of 20 ms, and the resultant Ca21 transient
was recorded in reticulospinal axons (Figure 4E). Appli-
cation of DHPG (20 mM) caused a reversible enhance-
ment of the Ca21 transient recorded in response to
this paired-pulse stimulation (amplitude increased to
125.0% 6 2.4% of control, p , 0.01).
The mGluR-mediated enhancement in paired-pulse
Ca21 transients suggests a role for this mechanism in
controlling synaptic output during repetitive stimulation
of the synapse. To test this hypothesis, paired-pulse
experiments were performed on pairs of synaptically
coupled neurons. Postsynaptic motoneurons or inter-
neurons were recorded from under whole-cell, patch-
clamp conditions. Reticulospinal axons were impaled
with microelectrodes until a synaptically coupled pair
of cells were identified (see Figure 5A for schematic).
Pairs of depolarizing current pulses were injected through
the microelectrode to evoke pairs of action potentials
in the axon. The presynaptic action potentials evoked
Figure 5. DHPG Enhances Synaptic Transmission Recorded be-EPSCs in the postsynaptic neuron. The postsynaptic
tween Synaptically Coupled Axons and Postsynaptic Neurons
response comprises a mixed electrical and chemical
(A) Schematic illustrating a recording from a synaptically coupledresponse. There was no significant difference between pair of neurons.
the amplitudes of the first and second EPSCs evoked (Bi) Microelectrode recordings of presynaptic action potentials in-
duced by injecting two depolarizing current steps (2 ms) into thein the postsynaptic neuron (n 5 5 pairs), for either the
axon at 20 ms intervals.electrical or chemical components evoked under control
(Bii) Voltage-clamp recordings of the postsynaptic EPSCs evokedconditions (Figure 5Bii). The addition of DHPG (20 mM) by the presynaptic action potentials shown in (B), before and after
to the Ringer's solution increased the amplitude of the application of DHPG (20 mM) and following wash-out of the DHPG.
chemical component of the second EPSC with respect Note that the chemical response to the second stimulus was aug-
mented by DHPG, whereas the electrical component was unaf-to the amplitude of the first (n 5 5, second EPSC ampli-
fected. The inset to (B) shows an overlay of the stimulated presynap-tude increased to 136.9% 6 10.6% of first EPSC ampli-
tic action potential and the scaled, inverted EPSC. Note that the
tude, p , 0.02; Figure 5Bii). These recordings were ob- rise time of the electrical component matches that of the action
tained using patch solution that contained either CsF potential, indicating that the voltage clamp of the response is ade-
quate.to saturate and prevent transmitter activation of post-
(C) For another pair of synaptically coupled neurons, EPSCs re-synaptic G proteins or GDP-b-S to inactivate postsynap-
corded in the postsynaptic neuron in response to two presynaptic
tic G proteins. Thus, in these experiments, the activation stimuli are shown (same protocol as in [B]). In this recording, the
of presynaptic mGluRs leads to an increase in release addition of DHPG to the superfusate enhanced amplitude of the
second response, and the subsequent addition of ryanodine (10of transmitter after the activation of an initial spike and
mM) reduced the amplitude of the second response to control levels.associated Ca21 entry.
Neither the electrical componentnor the amplitude of the first chemi-
Pharmacological manipulation never caused an alter- cal component were affected by these manipulations. These re-
ation in the amplitude or kinetics of the electrical compo- cordings were made in the presence of strychnine (5 mM) to block
polysynaptic glycinergic inputs.nent of the synaptic responses, confirming that ACPD
Neuron
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or DHPG effects were not mediated by an effect on reduction in the amplitude of the evoked EPSP (am-
plitude reduced to 91% 6 4% of control, n 5 3; Fig-postsynaptic membrane conductance tested by appli-
cation of test pulses. In addition, it was possible to ure 6B).
Imaging experiments were then performed using aconfirm that the space-clamp of the synaptic response
was adequate by using the rise time of the electrical similar technique to test if DHPG could enhance the
axonal Ca21 signal when the Ca21 concentration in thecomponent as a measure of dendritic filtering (Cochilla
and Alford, 1997). The electrical component represents axon was significantly buffered by dye. An axon was
recorded from under voltage clamp using a patch elec-a postsynaptic response to current spread from presyn-
aptic axon to postsynaptic dendrite via gap junctions trode fitted with a dye±filled perfusion pipette as above
(500 mM Fura Red in the perfusion pipette; the patch(Ringham, 1975). If no dendritic filtering of this response
were to occur, then the rise time of the electrical compo- electrode contained a solution with cesium methane
sulfonate as the principle charge carrier). The axonsnent should match that of the presynaptic action poten-
tial. This was the case at these synaptic contacts (Figure were loaded with dye via the patch pipette after whole-
cell access was obtained, and imaging was performed5Bi, inset). Experiments were performed to confirm that
the DHPG enhancement in paired-pulse responses was using the confocal microscope (Figure 6A). Data were
obtained in sequential frames of 192 3 128 pixelsmediated by a ryanodine-sensitive mechanism. Paired-
cell recordings were performed as above to demon- aquired at 2 Hz. The tissue was superfused with Ringer's
solution containing 1 mM 4-AP, 1 mM TTX, 10 mM CNQX,strate DHPG-mediated enhancement in the amplitude
of the paired-pulse EPSC (Figure 5C). The chemical and 50 mM AP5. Application of repetitive depolarizing
steps to theaxons evoked a visible Ca21 transient (Figurecomponent of the second response was again en-
hanced. Application of ryanodine (10 mM) to the superfu- 6Ci). Under these circumstances, the recorded calcium
transient is markedly affected by the buffering capacitysate abolished this enhancement (DHPG enhanced the
ratio of second to first response to 124% 6 4% of con- of the injected dye (Neher and Augustine, 1992). The
dye was used at a high concentration to maintain Ca21trol, p , 0.05; ryanodine returned the ratio to 106% 6
10% of control; this latter value was no longer signifi- at a low level. It is likely that the dye was efficient at
buffering Ca21 because transmitter release was abol-cantly different from the control response, n 5 3 pairs).
ished using this protocol (Figure 6B). Under these condi-
tions, the application of the mGluR agonist ACPD had
The Enhanced Calcium Transient no effect on the amplitude of the recorded Ca21 signal
Is Calcium Dependent (n 5 6; Figures 6Cii and 6iv) when the fluorescence was
The above data suggest that spike-induced Ca21 entry measured within 100 mm of the injection patch pipette.
can evoke rapid (,6 ms) Ca21 release from presynaptic In two of these axons, the fluorescence was measured
stores following activation of presynaptic mGluRs. To at 300 mm or further from the recording site. At this
test this hypothesis directly, we buffered presynaptic location, the basal fluorescence was significantly lower
Ca21 with a high concentration of a high affinity Ca21 than at the recording site. At these locations, where
buffer (500 mM of either BAPTA or Fura Red) and then calcium is buffered less well, a measurable increase in
measured the magnitude of Ca21 transients induced by the amplitude of the Ca21 transient was recorded in the
depolarization. The goal of this approach was 2-fold: presence of ACPD (Figure 6Ciii). These data indicate
first, to prevent evoked transmitter release from the that the increase in the evoked Ca21 transient recorded
axon, which would minimize endogenous transmitter in the presence of 4-AP and ACPD is Ca21 dependent.
release and associated autoreceptor activation and de-
sensitization, and second, tobuffer internal Ca21 inorder A Physiological Role for Presynaptic
to inactivate Ca21-dependent processes. Experiments Group I mGluRs
were performed using this technique to demonstrate If the DHPG-sensitive receptors dicussed play a role as
that the procedure did inhibit evoked release of neuro- autoreceptors, then a scheme similar to that illustrated
transmitter from the axon. We recorded from a presyn- in Figure 7A may occur at the reticulospinal synapse.
aptic axon under current clamp using a patch electrode The experiments using DHPG or ACPD as agonists do
fitted with a dye±filled perfusion pipette (Alford et al., not indicate whether these receptors are activated dur-
1993), while simultaneously recording from a postsynap- ing physiological stimulation of the reticulospinal axon.
tic motoneuron with a microelectrode. The postsynaptic To address this issue directly, the Group I mGluR antag-
recording was made from within 200 mm of the presyn- onist 7-(hydroxyimino)cyclopropa[b]chromen-1a-carbox-
aptic electrode (Figure 6A) to ensure adequate access ylate ethyl ester (CPCCOEt) Annoura et al., 1996) was
between the recording site and the synapse. Injection used. Paired±cell recordings were made between retic-
of depolarizing current pulses evoked action potentials ulospinal axons and postsynaptic neurons as for Figure
in the axon (Figure 6Bi). These spikes evoked excitatory 5. The axon was then stimulated repetitively through the
postsynaptic potentials (EPSPs) in the motoneuron (Fig- intracellular microelectrode to evoke five action poten-
ure 6Bii). The subsequent injection of buffer into the tials at 20 ms intervals. This evoked EPSCs in the post-
axon (Alford et al., 1993) abolished the EPSP (n 5 3; synaptic neuron. Application of CPCCOEt (500 mM; An-
Figure 6Bii). Control experiments were performed to en- noura et al., 1996) had no effect on the amplitude of
sure that the axons were not damaged by the injection the presynaptic action potentials or resting membrane
of dye into the patch pipette. The low affinity Ca21- potential (Figure 7B). Neither were the postsynaptic
sensitive dye Oregon Green 488 BAPTA 5N was substi- holding current or the first evoked EPSC affected. How-
tuted for Fura Red in the patch perfusion system. Under ever, the subsequent EPSCs were all markedly de-
pressed (peak depression seen on the fourth EPSC wasthese conditions, the addition of dye led to only a small
mGluRs and Release of Neurotransmitter
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Figure 6. The Agonist-Induced Ca21 Rise Is Ca21-Dependent
(A) Schematic illustrating a recording between a presynaptic axon and a postsynaptic motoneuron. The presynaptic patch electrode is fitted
with a perfusion pipette.
(Bi) Under current clamp, depolarizing current injection elicited an action potential in the presynaptic axon.
(Bii) Current-clamp recordings from the postsynaptic neuron show an EPSP recorded in response to the presynaptic action potential. After
a high concentration of the Ca21-sensitive dye Fura Red (500 mM, shown in red) was introduced into the solution in the presynaptic patch
electrode through the perfusion pipette, the EPSP was abolished. The addition of the low affinity Ca21-sensitive dye Oregon Green 488 BAPTA
5N (500 mM) into another axon in the same way led to only a small reduction in EPSP amplitude (shown in green).
(Ci) Fluorescence images of an axon filled with Fura Red (500 mM) through the recording patch pipette. In TTX (1 mM), 4-AP (1 mM), CNQX
(10 mM), and AP5 (50 mM), steps from 270 mV to 70 mV (10 steps, each 2 ms in duration) elicited a decrease in fluorescence indicative of an
increase in the Ca21 concentration. The panels show the fluorescence before (pre), immediately following (peak), and 6 s after (post) the
depolarizing steps were applied to the axon.
(Cii) Graph of the normalized fluorescence measured from the leftmost circled region of the axon in (Ci). This region contained a high
concentration of Fura Red. Depolarizing steps were applied before and after the addition of ACPD (50 mM). The points ªpre,º ªpeak,º and
ªpostº were calculated from the corresponding panels in (Ci).
(Ciii) Graph from the rightmost circled region in the axon in (Ci). This region of the axon contained a low concentration of Fura Red.
(Civ). Graph of pooled data from six axons before and after wash-in of ACPD (50 mM).
reduced to 58.7% 6 15.8% of control, n 5 3, p , 0.05; receptors depresses the synaptic release of gluta-
mate in many preparations including the lamprey spinalFigure 7C). This result is in accordance with the hypothe-
sis that Group I mGluRs located on the presynaptic cord (Krieger et al., 1996). We have demonstrated here
that mGluRs activate 4-AP±sensitive rectifying outwardterminals are activated by glutamate release from those
terminals. Further, the residual Ca21 following the first currents that depress action potentials at lamprey
reticulospinal terminals. The mGluRs responsible for theaction potential is sufficient to enable release of Ca21
from internal stores to be activated by this presynaptic activation of this presumed K1 current are not defined,
however. The effectiveness of L-AP4 implies the activa-receptor. Subsequent stimuli enhance this effect.
tion of a Group III-like receptor, while the effectiveness
of (1s,3r) ACPD implies a Group I or II receptor. TheseDiscussion
data, taken together with the findings of Kreiger et al.
(1996) that ACPD and L-AP4 inhibit transmission fromMetabotropic GluRs may be expressed as autorecep-
tors at glutamatergic presynaptic terminals (Lovinger, these axons by acting at two different receptors, indi-
cate that the lamprey reticulospinal axons possess at1991; Baskys and Malenka, 1991). Activation of these
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concentration of Ca21-sensitive fluorescence indicator
(Figure 6).
The sensitivity of the mGluR-activated presynaptic
outward current to 4-AP allowed us to analyze roles
for mGluRs other than the inhibitory response. After
blocking the current with 30 mM 4-AP, it was possible to
analyze the effect of Group I mGluR agonist application
even if the agonist action of the drug was not wholly
selective to Group I receptors. Application of 4-AP also
significantly increased the duration of the action poten-
tial. Thus, in 4-AP, both ACPD and DHPG markedly en-
hanced synaptic responses recorded in spinal motoneu-
rons evoked by stimulation of reticulospinal axons. This
enhancement of transmitter release does not involve an
alteration in the amplitude of axonal Ca21 current, as no
such modulation of Ca21 currents was recorded in the
axons electrophysiologically. Indeed the presynaptic
action potentials recorded in current clamp in the pres-
ence of 4-AP were not affected by the addition of DHPG
to the superfusate.
The effects of mGluRs are varied. The activation of
Group I mGluRs may liberate Ca21 from internal stores
via IP3 production (Sugiyama et al., 1987; Furuya et al.,
1989). The ability of Group I agonists to enable release
of stored Ca21 in lamprey reticulospinal axons implies
some homology with mammalian Group I mGluRs, al-
though more information is necessary to make further
claims. We have shown that DHPG, a Group I mGluR
agonist, augments the action potential±induced rise in
presynaptic Ca21 by releasing Ca21 from internal stores.
Figure 7. Presynaptic Activation of mGluRs and Transmitter Re- This augmentation is rapid: the rise time of the Ca21
lease transient in the presence of mGluR agonist may occur
(A) This schematic summarizes the two proposed mechanisms used within 6 ms of action potential initiation. The mGluR-
by presynaptic mGluRs in lamprey reticulospinal axons. The mGluR dependent increase in the Ca21 transient is also Ca21
on the leftactivates a K1 conductance that decreases evoked neuro-
dependent. Experiments in which the Ca21-sensitive flu-transmitter release from the terminal. The mGluR on the right acts
orophore was retrogradely introduced into the axonsto release Ca21 from internal stores in a Ca21-dependent manner.
revealed an mGluR-activated increase in the evokedThis Ca21 release increases evoked neurotransmitter release from
the terminal. Ca21 transient amplitude. However, when the cell was
(B) Recording from a presynaptic reticulospinal axon and (C) a post- loaded with a high concentration of fluorophore directly
synaptic neuron. Repetitive stimulation of the axon (five shocks at from a patch pipette, the mGluR-mediated enhance-
50 Hz) demonstrates an augmentation of the synaptic response.
ment was abolished.This augmentation was markedly attenuated by the application of
The activation of Group I mGluRs potentiates releasethe Group I mGluR antagonist CPCCOEt.
from reticulospinal axon terminals (Figure 7). Further-
more, this facilitation is consistent with the mGluR-medi-
least two inhibitory metabotropic autoreceptors cou- ated release of Ca21 from internal stores. Group I
pled to presynaptic outward currents. Care should be mGluRs have been shown to enhance glutamate re-
taken, however, in the interpretation of the receptor sub- lease from synaptosomes via a protein kinase C (PKC)
types involved. This current is particularly sensitive to ±dependent inhibition of a K1 conductance (Herrero et
4-AP. It was blocked by a low dose of 4-AP (30 mM), al., 1992). Three factors indicate that this mechanism
which was insufficient to block the axonal delayed recti- does not underlie the mGluR-mediated enhancement of
fier K1 current responsible for the early component of release that we report in this study. First, the enhance-
the action potential after hyperpolarization. The ob- ment is seen in the presence of 4-AP. Second, there
served depression of action potential amplitude is con- was no change in membrane potential, holding current,
sistent with the mGluR-mediated depression of neuro- or impedance following mGluR activation in lamprey
transmitter release from these terminals. In contrast to reticulospinal axons. Third, the time course of enhance-
the mechanism reported elsewhere (Takahashi et al., ment is consistent with the time course of the enhance-
1996), mGluR-mediated depression of transmitter re- ment of the presynaptic Ca21 transient. In the presence
lease does not require an inhibition of a presynaptic of 4-AP, application of agonist was sufficient to enhance
Ca21 current. No mGluR-mediated reduction in Ba21 or the response following a single shock applied to the
Ca21 currents was observed in electrophysiological ex- reticulospinal axons in the ventromedial tracts. How-
periments (Figure 2), and no reduction in axonal voltage± ever, the time to peak of the response was much longer
activated Ca21 transients was observed in imaging ex- in 4-AP (up to 10 ms), reflecting the increased duration
of the presynaptic action potential seen under theseperiments after buffering intracellular Ca21 with a high
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direct current tip resistance of 5±10 V and filled with patch solutioncircumstances. The longer duration of the action poten-
containing (concentration in mM): 102.5 potassium methane sulfo-tials in 4-AP (z8 ms) is sufficient to allow for the mGluR-
nate, 1 NaCl, 1 MgCl2, 5 EGTA, and 5 HEPES. In a number of experi-mediated enhancement of the presynaptic Ca21 tran-
ments, cesiumwas substituted for potassium as the principal cation.
sient, which occurs within 6 ms of the stimulus-evoked For sharp microelectrode intracellular recordings, electrodes were
Ca21 entry. In the absence of 4-AP, neither the presynap- pulled to a direct current tip resistance of 20±30 MV when filled
with 3 M potassium methylsulfate. Drugs were administered eithertic Ca21 transient nor the EPSC evoked by a single shock
by bath application or by pressure ejection. Pressure ejection in-to a reticulospinal axon was affected by agonist. How-
volved positioning a patch pipette containing a high agonist concen-ever, both presynaptic Ca21 transients and postsynaptic
tration immediately over the spinal cord and releasing a short pulseresponses were enhanced in response to a second pre-
of solution by applying pressure to the pipette interior. Drug release
synaptic action potential occurring 20 ms after the first. into the superfusate was monitored by inclusion of Fast Green (1%)
These effects are consistent with the time course of rise in the pipette solution.
Imaging experiments were performed with a confocal microscopein presynaptic Ca21 associated with agonist application
(Biorad MRC600). The dextran amine±conjugated form of the Ca21but not with a PKC inactivation of a K1 conductance,
indicator dye Oregon Green 488 BAPTA-1 (Molecular Probes) waswhich would be continuously effective. It should also
used retrogradely to label axons for certain imaging experiments.be noted that although the mGluR-induced alterations
This labeling was accomplished by fitting a suction electrode filled
in presynaptic Ca21 transients are relatively small, the with dye over a cut end of the spinal cord immediately after cutting
steep relationship between Ca21 entry into presynaptic the spinal cord. The tissue was then allowed to incubate overnight,
during which time the dye was transported throughout the largeterminals and the release of transmitter (Augustine et
reticulospinal axons in the spinal cord. Imaging was then eitheral., 1991) may imply significant effects on transmitter
performed at high speed by scanning the laser over a single line atrelease as recorded in this study.
2 ms intervals (500 Hz data collection) or at lower speed by samplingThe rapidity of Ca21 release in this study is particularly
two-dimensional arrays of data (192 3 128 pixels) at 2 Hz.
interesting as it rivals the rate of release of stored Ca21 For imaging experiments concurrent with whole-cell recording,
in muscle. In muscle, the trigger for release of Ca21 and for experiments in which dye was used explicitly as a Ca21
buffer, it was necessary to introduce dye into the patch pipette afteris a conformational change in dihyropyridine-sensitive
whole-cell access had been obtained. This task was accomplishedCa21 channels rather than Ca21 itself (Berridge, 1997).
by filling a perfusion pipette with dye and inserting it into the patchThe speed of the lamprey mGluR response is clearly
pipette such that the perfusion pipette tip was within a few hundredsuited to a mechanism for modulating transmitter re-
microns of the patch pipette tip (see Figure 7A). After obtaining
lease. Such a modulation by activity-dependent control whole-cell access, dye was released into the patch solution by
of presynaptic Ca21 stores has profound physiological applying pressure to the perfusion pipette through a Hamilton sy-
ringe. Analysis of the imaging data was performed on a Macintoshsignificance for synaptic function. We have demon-
computer using NIH Image software. NIH Image was used to calulatestrated that the physiological release of glutamate from
the brightness value (0±255/8 bit) for each pixel in the field of view.the terminalsactivates presynapticGroup I-like mGluRs,
For each individual axon of interest, the brightness values werewhich function to enhance tranmsitter release. These
measured, and background brightness (mode of the entire field of
receptors are also clearly autoreceptors, as only one view) was subtracted. The data were then normalized to the baseline
axon was stimulated in the paired-cell recording para- fluorescence to give DF/F values, where 1 is the baseline value.
Statistical analysis was performed using either Microsoft Excel ordigm used. It is likely, however, that the release of glu-
IgorPro (WaveMetrics).tamate from the presynaptic terminal will have two
effects on transmitter release on subsequent stimula-
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